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Gas Foil Bearing Misalignment and Unbalance Effects

Samuel A. Howard
National Aeronautics and Space Administration
Glenn Research Center
Cleveland, Ohio 44135

Abstract

The future of U.S. space exploration includes plans to conduct science missions aboard space vehicles,
return humans to the Moon, and place humans on Mars. All of these endeavors are of long duration, and
require high amounts of electrical power for propulsion, life support, mission operations, etc. One potential
source of electrical power of sufficient magnitude and duration is a nuclear-fission-based system. The
system architecture would consist of a nuclear reactor heat source with the resulting thermal energy
converted to electrical energy through a dynamic power conversion and heat rejection system.

Various types of power conversion systems can be utilized, but the Closed Brayton Cycle (CBC)
turboalternator is one of the leading candidates. In the CBC, an inert gas heated by the reactor drives a
turboalternator, rejects excess heat to space through a heat exchanger, and returns to the reactor in a
closed loop configuration. The use of the CBC for space power and propulsion is described in more detail
in the literature (Mason, 2003).

In the CBC system just described, the process fluid is a high pressure inert gas such as argon, krypton,
or a helium-xenon mixture. Due to the closed loop nature of the system and the associated potential for
damage to components in the system, contamination of the working fluid is intolerable. Since a potential
source of contamination is the lubricant used in conventional turbomachinery bearings, Gas Foil Bearings
(GFB) have high potential for the rotor support system. GFBs are compliant, hydrodynamic journal and
thrust bearings that use a gas, such as the CBC working fluid, as their lubricant. Thus, GFBs eliminate the
possibility of contamination due to lubricant leaks into the closed loop system.

Gas foil bearings are currently used in many commercial applications, both terrestrial and aerospace.
Aircraft Air Cycle Machines (ACMs) and ground-based microturbines have demonstrated histories of
successful long-term operation using GFBs (Heshmat et al., 2000). Small aircraft propulsion engines,
helicopter gas turbines, and high-speed electric motors are potential future applications.

Nomenclature
C Bearing clearance, mm (in.)
L Bearing length, mm (in.)
N Rotor speed, rpm
W  Rotor mass, g
m, Residual unbalance magnitude, g-mm

Technology Background

GFBs (fig. 1) consist of an outer sleeve lined with a series of nickel-based superalloy sheet metal
foils. The innermost sheet metal foil, or top foil, is smooth and constitutes the bearing inner surface
against which the rotating shaft operates. The top foil is supported by a compliant structure, often made
up of a layer of corrugated sheet metal foil referred to as bump foils, whose bumps behave like springs
(Heshmat, 2000). It is presumed the bump foil layer gives the bearing flexibility that allows it to tolerate
significant amounts of misalignment, and distortion that would otherwise cause a rigid bearing to fail. In
addition, micro-sliding between the top foil and bump foil and the bump foil and the housing generates
Coulomb damping which can increase the dynamic stability of the rotor-bearing system (Heshmat, 1994).
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Figure 1.—Gas foil bearing schematic.

Though not as common, other designs exist to achieve an elastic foundation for the compliant top foil,
such as overlapping leaves, cantilevered springs, and others.

During normal operation of a foil bearing supported machine, the rotation of the rotor generates a
pressurized gas film that “pushes” the top foil out radially and separates the top foil from the surface of
the rotating shaft. The pressure in the gas film is proportional to the relative surface velocity between the
rotor and the foil bearing top foil. Thus, the faster the rotor rotates, the higher the pressure, and the more
load the bearing can support. When the rotor first begins to rotate, the top foil and the rotor surface are in
contact until the speed increases to a point where the pressure in the gas film is sufficient to push the top
foil away from the rotor, and support its weight. Likewise, when the rotor slows down to a point where
the speed is insufficient to support the rotor weight, the top foil and rotor again come in contact.
Therefore, during start-up and shut down, a solid lubricant coating is used, either on the shaft surface or
the foil, to reduce wear and friction (DellaCorte, 1998).

The tolerance to misalignment mentioned above is as yet an unknown for GFBs. Manufacturers claim
GFBs can handle large misalignment due to the flexible nature of the inner bearing surface, but there is no
experimental and little analytical verification of this capability. Unbalance effects are also a concern to
designers. In an effort to address these concerns, the effects of both misalignment and unbalance are
investigated experimentally in the current work.

Misalignment

An important issue for all turbomachinery, and therefore applicable to CBC space power systems is
the degree of misalignment that a rotor bearing system can tolerate. The limits on misalignment dictate
how precisely housings must be manufactured and how much thermal distortion can be tolerated. GFBs
have been touted as having the ability to handle high degrees of misalignment relative to other bearing
types, thus making them easier to integrate into high speed, high temperature applications. However, very
little work has been reported on GFB misalignment. Carpino (1994) analyzed misalignment effects and
found that load capacity is not affected strongly, but minimum film thickness decreases with increased
misalignment. Those results were for very small angular misalignments (maximum angle equal to C/L
radians) relative to those in the present tests (maximum angle approximately 10 times larger, assuming a
clearance on the order of 25 um), yet make clear a concern associated with misalignment. The viscous
losses in the bearing, which lead to power loss and heat generation, are proportional to the viscosity of the
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gas, and the wall shear stress of the fluid film (which varies inversely with the gas film thickness).
Therefore, smaller minimum film thickness leads to higher power loss and greater heat generation.

Since the bearings presently used in the class of machines for which GFBs are considered as
replacements are typically angular contact ball bearings, it is appropriate to compare the misalignment
tolerance of the two. The amount of misalignment ball bearings can tolerate depends on the size, load,
speed, and required life, but according to Zaretsky (1992), a typical allowable maximum angle of
misalignment for angular contact ball bearings is 3.0x10 " radians. The maximum angle can be related to
a linear misalignment of bearing centers if the spacing between bearings is known. A test program was
instigated to quantify the level of misalignment GFBs can tolerate for comparison and to help guide future
oil-free turbomachinery design programs including space power systems.

The rotordynamic simulator test rig at the NASA Glenn Research Center (fig. 2) (Howard, 2007) was
used to conduct misalignment tests on two 50.8 mm (2.00 in.) diameter journal GFBs. The rotordynamic
simulator rig is an air turbine driven test rig that features completely oil-free operation. There are two
journal GFBs near opposite ends of the rotor with two disks (a turbine and thrust bearing runner) mounted
between the two journal bearings. In the configuration shown, the rotor weighs approximately 31 N
(7.0 Ib) and is roughly symmetric such that each journal bearing supports half the rotor weight. The
journal bearings are housed in independent structures that can be moved relative to each other in
transverse and angular directions. The independent bearing supports allow the operator to impose a
known misalignment on the two journal bearings using a laser based alignment system that attaches to
each bearing structure.

For the initial series of tests described here, one bearing structure was held fixed while the other was
sequentially moved a small amount laterally (0.127 mm for each test) imposing a misalignment to both
bearings until a failure was observed. Two physical quantities were measured during the tests,
temperature and coast down time. The temperature was measured using thermocouples mounted to the
underside of the bearing top foil close to the edge, 90° from top dead center in both directions, and at both
ends for a total of 8 thermocouples, 4 on each bearing (fig. 3). Each test was run until the temperatures at
a given test condition stabilized, indicating steady state operation. Data was collected for 20,000 rpm and
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Figure 2.—Cut-away view of the rotordynamic simulator test rig.
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Figure 3.—Top view of rotordynamic simulator test rig showing thermocouple locations and misalignment direction.
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Figure 4.—Journal bearing edge temperatures at 20,000 rpm.

30,000 rpm. The expected result was to see overall higher temperatures and higher temperature gradients
between opposite sides of the bearings (T2 versus T1 for example) at higher misalignment levels. The
other observed quantity, coast down time was used as an indirect measure of bearing torque. It was
anticipated that as the level of misalignment increased, the coast down time would decrease due to higher
bearing losses.

Misalignment Results

Figure 4 shows the temperature data for steady operation at 20,000 rpm. In general, there is an upward
trend on temperature with higher misalignment, as anticipated. The 30,000 rpm data, omitted here for
brevity, shows the same trends with higher overall temperatures. The exceptions to the trend are T3 and T4.
One possible cause of the downward trend in T3 and T4 is their proximity to the turbine, seen in figure 3.
Since T3 and T4 are adjacent to the turbine, they are affected by the temperature of the turbine outlet flow.
The turbine is driven by compressed air, and as the air expands through the nozzle, it cools. At higher
misalignment, more flow is required to counteract the higher torque, resulting in more turbine exhaust. The
increased turbine exhaust may cool the bearing in the location where T3 and T4 are mounted.
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Figure 5.—Coast down time as a function of misalignment.

When the GFBs are misaligned, the bearings become more and more edge-loaded. The thermocouples
were placed on the bearing in such a way to try to see the effect of the edge-loading in the form of increased
temperature. For example, as the right hand bearing in figure 3 is moved upward in the picture, the film
thickness near thermocouples T2, T4, T6, and T8 decreases, while at T1, T3, TS, and T7 it increases.
Because thinner films are associated with higher heat generation, T2 should be hotter than T1, T4 hotter
than T3, T6 hotter than T5, and T8 hotter than T7. In general, this result is observed. It should be noted
that thermocouple T6 was damaged while increasing the misalignment after the run at 3.7x10° radians of
misalignment, so there is no data for T6 beyond that test. Up to that point, it was behaving as expected.

Figure 5 shows the coast down time data as a function of misalignment. This data was not collected
for the aligned case and the smallest misalignment case, but the trend shows that there is a general
decrease in the time it takes to coast to a stop from 25,000 rpm as the misalignment increases. The
decrease in coast down time can be attributed to increased power loss, or torque in the bearings.
Modifications are planned for the rig to enable direct torque measurements in the future.

At a maximum misalignment of 5.8x107 radians (1.4 mm/0.055 in. over 240mm/9.5 in.) and
20,000 rpm, a failure was experienced and testing was stopped. GFBs can fail in several ways (Dykas and
Howard, 2004, Radil, et al., 2002), but this failure was a typical failure that is seen when load capacity is
reached. The torque in the bearings increases rapidly, accompanied by an increase in temperature with no
increase in speed or load. At the onset of the failure, it was observed that more turbine pressure was
needed to maintain the same speed. As the failure progressed, more turbine pressure could not overcome
the increase in torque, and speed decreased even with more pressure. When this occurred, the test was
stopped.

It was determined that for the configuration of the rotordynamic simulator test rig, 5.8x10~° radians is
the limit of misalignment that the GFBs can sustain. From the failure mode, it is reasonable to assume
that the load capacity of the bearings decreased with increased misalignment until the load capacity fell
below the weight of the rotor, and failure was observed. It appears then, that the amount of misalignment
a GFB can tolerate is likely a function of how much load it is supporting in relation to its load capacity.

In the case studied here, the maximum misalignment angle obtained, 0.0058 radians, is nearly 20
times the amount tolerable with angular contact ball bearings. The advantage over radial ball bearings and
cylindrical roller bearings is less at 2 and 6 times, respectively, but still significant.
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Unbalance Effects

Design and integration of gas foil bearing supported turbomachinery suffers from a lack of
understanding and design tools to accurately predict rotordynamic behavior. The lack of design tools can
be attributed in part, to the complexity of analytically modeling gas foil bearings to calculate traditional
bearing force coefficients. The bearing stiffness and damping coefficients, to a great degree, dictate the
dynamic behavior of the rotor/bearing system. The difficulty of modeling GFBs analytically stems from
the interaction of the fluid film and the structural compliance in the bearings themselves. While analytic
models do exist, Carpino and Talmadge (2006) present the most current and advanced model, few have
been experimentally validated to date.

Experimental measurements of GFB force coefficients is also lacking in sufficient quantity to offer
machine designers the necessary information to conduct reasonable detailed designs. Howard, et al.
(2001) reported trends in bearing rotordynamic properties with increased temperature, but absolute
measurement of coefficients was not possible with the test set-up. In order to advance the understanding
of GFB rotordynamic coefficients, NASA Glenn Research Center has modified the same test rig used in
the above misalignment tests to enable force coefficient estimation from measured unbalance effects.

The rotordynamic simulator test rig was modified by adding a series of threaded holes at each end of
the rotor to accept unbalance masses in the form of small set screws. In this manner, a set screw of known
mass can be added to a threaded hole of know angular position to cause a known change in the rotor
balance condition. The resulting unbalance response is measured by a set of four displacement sensors,
two at each end of the rotor, 90° apart.

The purpose of the present tests, is to observe the effect of increased levels of unbalance on the
rotor/bearing system. To begin the unbalance tests, the rotor was balanced in two planes using a
horizontal hard bearing balancing machine at the NASA Glenn Research Center. The total residual
unbalance after the balancing procedure was 1.482 g-mm (0.00204 oz-in.). The distribution of unbalance
at each end of the rotor, and the angle relative to a key-phaser reference point (defined as 0°) on the rotor
is given in table 1.

TABLE 1.—RESIDUAL UNBALANCE MASS DISTRIBUTION
Axial location | Mass, | Radius, | Unbalance | Mass, | Radius, | Unbalance | Angle,

g mm | magnitude, | poz, in. magnitude, | deg
g-mm 0Z,,-1n.
Compressor end | 0.0276 | 31.75 0.876 971 1.25 10.00121 135

Turbine end 0.0191 | 31.75 0.606 668 1.25 | 0.000835 90

Using industry standards (ISO 1940-1:2003), the allowable residual unbalance for machines of this
class (grade G2.5) can be approximated by the following:

m, <23.2W(g)/N (rpm)
m, <1.50g —mm

With a weight of 3.18 kg and maximum speed of 50,000 rpm, the unbalance should be 1.50 g-mm
(0.00208 oz-in.) or less (total, assuming half at each end of the rotor). The residual unbalance of this rotor
is within the above limit, although it is slightly higher than desired at the compressor end and slightly
lower than necessary at the turbine end. Since the objective here is to observe the effect of unbalance over
a large range, this condition is considered the balanced case, and is used as a baseline to which other
unbalance conditions are compared. The smallest weight that can reasonably be added in the form of a set
screw is approximately 0.0220 g (775 poz.) and is added to the rotor at a radius of 18.4 mm (0.725 in.) at
the extreme ends of the rotor. The test procedure consists of sequentially adding weights in increments of
0.0220 g (775 poz.) until a sufficiently high level of unbalance is reached and comparing the results to the
baseline. Table 2 lists all the tests and the corresponding masses added with their location and angle.
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TABLE 2.—INTENTIONALLY ADDED UNBALANCE MASS DISTRIBUTION

Test number | Axial location | Mass, | Radius, | Unbalance | Mass, | Radius, | Unbalance | Angle,
g mm | magnitude, | poz, in. magnitude, | deg
g-mm 0Z,,-1n.

1 Compressor end | 0.0210 | 18.42 0.387 740 | 0.725 | 0.000536 135
Turbine end 0.0210 | 18.42 0.387 740 | 0.725 | 0.000536 90

2 Compressor end | 0.0440 | 18.42 0.811 1550 | 0.725 | 0.00112 135
Turbine end 0.0440 | 18.42 0.811 1550 | 0.725 | 0.00112 90

3 Compressor end | 0.0660 | 18.42 1.216 2330 | 0.725 | 0.00169 135
Turbine end 0.0655 | 18.42 1.207 2310 | 0.725 | 0.00167 90

4 Compressor end | 0.0880 | 18.42 1.621 3100 | 0.725 | 0.00225 135
Turbine end 0.0880 | 18.42 1.621 3100 | 0.725 | 0.00225 90

5 Compressor end | 0.110 18.42 2.026 3880 | 0.725 | 0.00281 135
Turbine end 0.110 18.42 2.026 3880 | 0.725 | 0.00281 90

6 Compressor end | 0.132 18.42 2.431 4650 | 0.725 | 0.00337 135
Turbine end 0.132 18.42 2.431 4650 | 0.725 | 0.00337 90

7 Compressor end | 0.210 18.42 3.868 7400 | 0.725 | 0.00536 135
Turbine end 0.210 18.42 3.868 7400 | 0.725 | 0.00536 90

[l NASA Air-Bearing Test Stand
File

@/ m NASA Air-Bearing Datalogging DA Stalus_ Control Slatus_ Test Start Uiégggé’"
Sx Test Stand ? = Processing Status_ Shaft Speed 2967359 RPM  Elapsed Time 00:23:23
Data File Path ‘B[C:20080725_unbalance_0_3.dsa |
Time Domain | AutoPawer | FRF | Cross Power  FFT and Bode | Qrbit Plats I Qrder Analysis | ‘waterfall | Config Path 9 c: and Seth | abWiewh ‘
FFT Bode |
Bode Plot Plot OPoint of Interest | 1.00  Order  Plot 1 Point of Interest | 1.00 Order

-
50000.0 55000.0 L

118008 &/ ma(n-

T
45000.0
-910.185

I
40000.0

. : . . : : .

S000.0 10000.0 15000.0 20000.0 25000.0 30000.0 350000
| | e |

B | RPM B L om0 oy 8 [0 |

Cursor 0

Phase

' | | | ' | '
0.0 5000.0 10000.0 15000.0 35000.0 40000.0 45000.0 50000.0

Z0000.0 S000,0 300000
B | R & || (phase & [ ey Z| G50 Cursor 0 -1925,54 162,209 3| e-
Deta RPM Turb- (mils pk)
| o000 Update CLEAR. Turb-¥ {mils p :

4

II} # of sec to display Reecard Speed
P P e R i i FwD CLOSE DATA FILE Stark Test DOME
00:00:00 000500 00:10:00  00:15:00 onz3zs 0.t m

Figure 6.—Baseline Bode plot with no added unbalance mass.

Unbalance Results

Figure 6 shows a Bode plot of the baseline unbalance condition at the turbine end of the rotor. The
Bode plot is a graphical representation of the synchronous vibration amplitude and phase as a function of
speed. Physically, it represents the component of the vibration that can usually be attributed to unbalance.
Because unbalance forces rotate with the rotor at the same frequency that the rotor spins, they cause
vibrations at that same frequency. By using a tracking filter whose frequency follows the running speed of
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the rotor, one can identify the unbalance response within the broad-spectrum vibration signal. Critical
speeds in the rotor system are often visible on Bode plots as peaks in the vibration amplitude
accompanied by a phase shift. Theoretically, the phase should change by 180° as a critical speed is
traversed, but in reality the phase shift is often much different from 180° for various reasons. In figure 6,
two apparent critical speeds can be seen, one on the Turb-X plot (white) and one on the Turb-Y plot (red).
The two lines represent the horizontal and vertical responses (Turb-X and Turb-Y respectively). These
two critical speeds are commonly referred to as the rigid body modes because they have mode shapes that
contain very little to no shaft bending, the shaft vibrates as a rigid body. One can see from the figure that
the lowest frequency critical speed occurs at approximately 13,500 rpm, and contains mostly vertical
motion at the measurement location (close to the bearing) as there is a peak in the response of the Y-axis
vibration with no corresponding X-axis peak. The second critical speed occurs near 17,000 rpm and
contains mostly horizontal motion at the bearing. Above the second critical speed, the response grows
steadily with speed. This growth is due to the rotor approaching the third critical speed, which is beyond
the speed range of the test. The third critical speed for this rotor is the first bending mode, so called
because its mode shape involves significant bending of the shaft. The purpose of these tests is to add
unbalance and observe the corresponding changes in the unbalance response, or Bode plot.

The following four figures (7 to 10) are a succession of Bode plots taken with increasing levels of
unbalance from 0.811 g-mm up to 3.87 g-mm (112 to 536 poz-in.). In the interest of conserving space,
not all of the Bode plots generated are shown. The plots shown are from the baseline “balanced” case, and
from tests 2, 4, 6, and 7 since they are adequate to visualize the trends. As mentioned above, adding
unbalance was accomplished by inserting set screws in threaded holes in the ends of the rotor. The
intention was to add mass in increments of 0.0220 g (775 poz.) at the same angular positions as the
residual unbalance. The mass of the set screws is controlled by filing a large set screw to the appropriate
length to get the desired mass. Since the filing process was done manually, the mass added in each test
was not precisely 0.0220 g (775 poz.). However, each set screw was weighed and the precise mass added
was noted for each test (table 2). The maximum amount of unbalance tested was 3.87 g-mm
(0.00536 o0z-in.) at each end, which combined with the residual unbalance resulted in a total unbalance
condition of nearly an order of magnitude greater than the ISO standard. Since the magnitudes of
vibration were high, and trends could be seen at this point, no larger unbalance conditions were
attempted.

Figures 7 to 10 show the trends observed as the unbalance increases. The critical speed at 13,500 rpm
in the baseline case increased in frequency up to 16,000 rpm while the magnitude decreased from
12.7 um (0.0005 in.) peak to just under 10 um (0.00040 in.) peak. Similarly, the critical speed at
17,000 rpm increased in frequency to 19,000 rpm and decreased in magnitude from roughly 10 pm
(0.00041 in.) to 8.9 um (0.00035 in.).

These results might seem surprising at first. Linear bearing assumptions commonly used in
rotordynamic calculations would predict that an increase in unbalance would result in proportionally
higher vibration amplitudes, and critical speeds would remain fixed. However, the present results support
the idea that gas foil journal bearing force coefficients are non-linear. As the unbalance force increases,
the GFB stiffness increases resulting in higher critical speeds and lower vibration amplitudes. This effect
would be impossible to predict using linear bearing properties, and illustrates the importance of
rotordynamic simulator testing to augment computational rotordynamic analysis in the design phase of
advanced oil-free turbomachinery.

Some other important points to observe from the unbalance response plots are the damping
capabilities of GFBs and the relatively high amplitude vibration tolerance. The stability of rotor/bearing
systems is an important consideration in the design of high speed, lightly loaded turbomachinery such as
space power generation systems. With that in mind, it is useful to notice the shape of the critical speed
peaks on the above Bode plots. The width of the vibration peak on the Bode plot is an indication of the
amount of damping in the system. The wider the peak, the more damped the natural frequency, and
conversely, the narrower the peak, the less damped the natural frequency. Thus, the appearance of wide,
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Figure 8.—Bode plot with 1.621 g-mm unbalance added at each end from test number 4.
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low amplitude critical speed peaks indicates that the natural frequencies of this system are well damped,
and likely present less of a concern for stability at high speed. In fact, the ability to operate to at least
50,000 rpm further supports this claim.

The amplitude of vibration in these plots is rather high. The cause of the high amplitude is believed to
be large clearances in the GFBs. Previous GFB work (Radil, et al., 2002, DellaCorte, et al., 2006) has
shown that tighter bearings result in more control over rotor vibrations, but the increased control comes at
the cost of higher power loss and thermal management requirements. There is a trade-off between
vibration amplitude and thermal stability. The bearings used in these tests are relatively loose and
therefore result in high vibration amplitudes. The industry standard for acceptable vibration amplitude is
up to approximately 3.8 pm (0.00015 in.) peak-to-peak at 13,000 rpm and falls to 2.5 um (0.0001 in.)
peak to peak at 50,000 rpm (ISO 10816-1:1994). The maximum vibration amplitude of the test rotor at
13,000 rpm is 28 pm (0.0011 in.), and 50 um (0.002 in.) at 50,000 rpm. These vibration amplitudes, as
high as 20 times the industry standard, are unacceptable for a machine put into service, but the successful
operation of the test rig with such high vibration is an indication of the robustness of GFBs to handle
extreme operating conditions, at least in a laboratory environment for short duration.

Conclusions

Misalignment and unbalance effects on a gas foil bearing supported rotor have been presented.
Misalignment of two coaxial journal bearings has the expected result of increased temperature at the
edges of the bearings, and increased torque observed as a decrease in coast down time. The ability of
GFBs to handle high degrees of misalignment were verified. Successful operation was achieved with
misalignments of 20, 6, and 2 times the acceptable level for angular contact ball, cylindrical roller, and
radial ball bearings, respectively.

The effect of unbalance on the operation of a simulated rotor was also presented. Unbalance masses
were added to a rotor supported on gas foil journal bearings and the resulting synchronous vibration
amplitude was measured. Results imply that increased unbalance forces result in higher bearing stiffness.
The higher bearing stiffness forces the natural frequencies of the rotor system up, and the vibration
amplitudes down. This result is in opposition to a linear bearing assumption, and supports the need for
advanced analytical models coupled with rotor simulator testing for successful GFB integration into
advanced turbomachinery. Based upon these tests, with high tolerance to misalignment, and ability to
sustain large unbalance levels, GFBs represent an excellent enabling technology for long-life, oil-free
turbomachinery power conversion systems.

References

1. Carpino, M., Peng, J.P., and Medvetz, L., “Misalignment in a Complete Shell Gas Foil Journal
Bearing,” Tribology Transactions, vol. 37, no. 4, 1994, pp. 829-835.

2. Carpino, M., and Talmadge, G., “Prediction of Rotor Dynamic Coefficients in Gas Lubricated Foil
Journal Bearings with Corrugated Sub-Foils,” Tribology Transactions, vol. 49, 2006, pp. 400—409.

3. DellaCorte, C., “The Evaluation of a Modified Chrome Oxide Based High Temperature Solid
Lubricant Coating for Foil Gas Bearings,” NASA/TM—1998-208660, 1998.

4. DellaCorte, C., Radil, K.C., Bruckner, R.J., and Howard, S.A., “A Preliminary Foil Gas Bearing
Performance Map,” NASA/TM—2006-214343, 2006.

5. Dykas, B.D., and Howard, S.A., “Journal Design Considerations for Turbomachine Shafts Supported
on Foil Air Bearings,” Tribology Transactions, vol. 47, no. 4, 2004, pp. 508-516.

6. Heshmat, H., “Advancements in the Performance of Aerodynamic Foil Journal Bearings: High Speed
and Load Capability,” Transactions of the ASME J. of Tribology, 116, 1994, pp. 287-295.

7. Heshmat, H., “High load capacity compliant foil hydrodynamic journal bearing,” U.S. Patent
6,158,893, 2000.

NASA/TM—2008-215176 11



8. Heshmat, H., Walton, J.F., DellaCorte, C., and Valco, M.J., “Oil-Free Turbocharger Demonstration
Paves the Way to Gas Turbine Engine Applications,” presented at the ASME/IGTI, Munich,
Germany, ASME paper number 2000-GT-620, 2000.

9. Howard, S.A., “A New High-Speed Oil-Free Turbine Engine Rotordynamic Simulator Test Rig,”
NASA/TM—2007-214489, 2007.

10. Howard, S.A., DellaCorte, C., Valco, M.J., Prahl, J.M., and Heshmat, H., “Dynamic Stiffness and
Damping Characteristics of a High-Temperature Air Foil Journal Bearing,” Tribology Transactions,
vol. 44, no. 4, 2001, pp. 657-663.

11. Mason, L.S., “A Power Conversion Concept for the Jupiter Icy Moons Orbiter,” st
AIAA/ASME/IEEE International Energy Conversion Engineering Conference, Portsmouth, Virginia,
August 17-21, 2003, AIAA-2003-6007.

12. Radil, K.C., Howard, S.A., and Dykas, B.D., “The Role of Radial Clearance on the Performance of
Foil Air Bearings,” NASA/TM—2002-211705, 2002.

13. Zaretsky, E.V., Life Factors for Rolling Bearings, Society of Tribologists and Lubrication Engineers,
Park Ridge, IL, 1992, pp. 145-158.

NASA/TM—2008-215176 12



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB

control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE
01-05-2008 Technical Memorandum

3. DATES COVERED (From - To)

4. TITLE AND SUBTITLE
Gas Foil Bearing Misalignment and Unbalance Effects

5a. CONTRACT NUMBER

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)
Howard, Samuel, A.

5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER
WBS 877868.02.07.03.01.01

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
National Aeronautics and Space Administration

John H. Glenn Research Center at Lewis Field

Cleveland, Ohio 44135-3191

8. PERFORMING ORGANIZATION
REPORT NUMBER

E-16419

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

10. SPONSORING/MONITORS

National Aeronautics and Space Administration ACRONYM(S)
Washington, DC 20546-0001 NASA
11. SPONSORING/MONITORING
REPORT NUMBER

NASA/TM-2008-215176

12. DISTRIBUTION/AVAILABILITY STATEMENT
Unclassified-Unlimited
Subject Category: 37

Available electronically at http://gltrs.grc.nasa.gov
This publication is available from the NASA Center for AeroSpace Information, 301-621-0390

13. SUPPLEMENTARY NOTES

14. ABSTRACT
The effects of misalignment and unbalance on gas foil bearings are presented.

15. SUBJECT TERMS
Gas bearings; Foil bearings; Rotor dynamics; Turbomachinery

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON

ABSTRACT OF STI Help Desk (email:help @sti.nasa.gov)
a. REPORT b. ABSTRACT c. THIS PAGES 19b. TELEPHONE NUMBER (include area code)
U U %AGE 1818] 18 301-621-0390

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18









	E-16419 Cover
	E-16419 Layout
	E-16419 RDP


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice




